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ABSTRACT: The use of half-filled intermedíate band materials has been proposed as a means to implement solar cells with 
efficiency exceeding that of single gap solar cells. An intermedíate band can be regarded, at first, as a mere collection of 
energy levéis within the semiconductor bandgap. However, its recombination properties are expected to be different from 
those traditionally attributed to deep levéis. Henee, while deep centers behave mainly as non-radiative recombination centers, 
the IB is expected to exhibit negligible non-radiative recombination. It is the purpose of this work to study these phenomena 
by exploiting computational models based on ab-initio calculations. 
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1 INTRODUCTION 
Most point defeets and impurities oceur, when 
introduced in the lattice host, in múltiple charge states 
that introduce transition energy levéis that are located 
within the bandgap of the host semiconductor. Many 
properties of the host are consequently affected as, for 
example, those associated to charge-transfer processes 
between bands. The equilibrium positions of the atoms 
for different charge states of the impurity or defect are 
not necessarily the same. It is this difference what allows 
non-radiative recombination (NRR) via multi-phonon 
emission (MPE) after relaxation from one equilibrium 
position to another. 
The MPE mechanism, [1] that takes place when an 
impurity is present, oceurs basically in two capture steps. 
This can be illustrated with the help of a configuration 
coordínate diagram ((Figure 1) where Q represents a 
generalized relevant nuclear coordínate associated with 
the impurity/point defect and the curves represent the 
energy of the impurity/point system for the different 
states as functions of Q. For example, an electrón in the 
conduction band (eCB ) is first captured into an impurity 
around the state (Da-1+ec >Da) crossrng point 
Qc and then the electrón recombines with a hole in the 
valence band (hole capture D" + hrB —»I3"~1 or 
D" -> D"~x + em, where eVB and hm represent a 
electrón and a hole in the VB respectively) around 
crossing point Qr . After the capture, there is a large 
modification of the impurity equilibrium position. The 
large vibrational energy, which is initially localized at the 
impurity center, will propágate away from the center in 
the form of lattice phonons. This mechanism of 
recombination gives rise to violent, short-lived, lattice 
vibrations localized at the defect which greatly enhance 
the probability of defect motion. For deep gap levéis, in 
many cases, this lattice vibration is a breathing 
relaxation, as explained below, where the surrounding 
host atoms can undergo large displacements. 
Each step of this mechanism is easy to model by 
considering the mean distortions of the configuration 
coordinates Q and of the restoring forcé constants 
associated with changes in the energy. In many cases Q is 
best thought of as corresponding to a breathing mode, 
that is, the symmetric inward or outward movement of 
the nearest neighbors. The state-dependence of the forcé 
which drives the distortion mainly comes from the state-
dependent charge density of the impurity electrons. 
Figure 1: Schematic representation of the MPE-NRR 
recombination mechanism. (a) The curves represent the 
electronic energy of the Da"1 + em , D", and 
Da~l +eCB systems with respect to the configuration 
coordínate Q. eVB and eCB represent an electrón in the 
VB and CB respectively. Qr is the crossing point of the 
energy curves corresponding to the systems Da"1 +em 
and D" . Similarly, Qc is the crossing point of the 
Da~l + eCB and D" energy curves, (b) Impurity energy 
levéis with respect to the VB and CB as a function of Q. 
Formally, we know that the total electronic energy, in 
first approximation, is quadratic in Q near Q0 when there 
is no impurity present (host solid without impurities): 
E = e0 +K(Q-Q0) 12, where e0 is the energy of the 
undistorted crystal and Q0 is the equilibrium coordínate. 
The impurity in the state i, in first approximation, adds 
the extra term e¡ - G¡ (Q - Q0) to the total electronic 
energy, where e¡ is the impurity energy when Q is the 
equilibrium coordínate Q0, and G¡ is the impurity forcé 
constant. Therefore, the total energy when the 
impurity+host is in the state i can be rewritten 
E, = E<fi> +K(Q-Qif/2 where, E<m =e0+e¡+Ex, and 
Q. = Q0 +G¡ IK . In this equation, ER = -G¡ I2K is the 
impurity relaxation energy and G¡ IK represents a shift 
in the equilibrium position of the host without impurity. 
Therefore, the displacement corresponding to two 
different states of the impurity in the host 
becomes(Q2 -Q1) = (G2 -G^IK . Large displacements 
correspond to large forces variations (large changes in 
charge densities). While for deep gap levéis these 
variations (AQ and AG ) are large and the energy curves 
would cross, in the materials with an intermedíate band 
analyzed there is a mechanism that regulates the charge 
density and impedes the NRR via MPE. 
In order to diminish the NRR via MPE, it is found 
that when a charge is added to or eliminated from the IB 
due to electrón capture processes it should be 
redistributed. In this case AG « AQ « 0 and in Fig.l the 
minima of the energy curves will be located at about the 
same Q-valué, and they would not cross. 
There are two ways for which the crossing of the 
energy curves can be avoided: charge redistribution 
between all the impurities and charge redistribution with 
the host semiconductor. The former is related to the Mott 
transition [2]. In this work we analyze the latter 
mechanism. Anyway, there would be a small variation in 
the electronic density around the impurity atom. 
In this study, we have chosen Cr-doped ZnS as 
material system. These materials have been analyzed 
previously both theoretically and experimentally. When 
Cr is used as dopant in ZnS this material shows 
experimentally [3] low non-radiative recombination and, 
as concluded from theoretical calculations [4], also an 
intermedíate band (IB). 
NRR is important in the half-filled IB materials. 
Solar cells based on these materials have an efficiency 
limit exceeding that of single gap solar cells [5]. Their 
properties are expected to be different from those of a 
material containing a group of deep energy levéis 
because of this charge redistribution. 
2 CALCULATIONS 
All the calculations, based on the density-functional 
theory DFT [6] in the local-spin density approximation 
(LSDA), have been carried out using a supercell 
containing 64 atomic sites (CrxZnlxS with x = 1/32). 
The standard Kohn-Sham (KS) [7] equations are solved 
self-consistently [8]. For the exchange and correlation 
term, the LSDA has been used as proposed by Ceperley-
Alder [9]. The standard Troullier-Martins [10] 
pseudopotential is adopted and expressed in the 
Kleinman-Bylander [11] factorization. The KS orbitals 
are represented using a linear combination of confined 
pseudoatomic orbitals [12]. In all calculations, a double-
zeta with polarization basis set has been used. 
Several further corrections to the calculated energies 
[13] were applied: potential alignment between a 
charged defect calculation and the perfect host crystal, 
and spurious interaction of periodic image charges. 
3 RESULTS 
The electronic structure of isolated substitutional Cr 
in II-VI semiconductors is determined by the interaction 
between the 3rf-orbitals of the impurity and the />-anion 
orbitals (pA) of the VB. The calculations show an IB 
formed by spin-up states of t symmetry in the energy gap 
+ c2-pA) and a density of states of the same 
symmetry within the valence band 
(;|ra) « c3 • d + c4 • pA ). This coexistence, in a similar 
energy range, of localized impurity states with 
delocalized host states with which charge can be 
exchanged is the key to the remarkable stability of 
various charge states. The chromium 3d states can 
combine with the pA states of the anions, thus providing 
an additional possibility of electronic density 
redistribution [14]. When the charge state of the Cr 
impurity and the configuration coordinates are changed 
by interaction with light (i.e., when an electrón transits 
from the VB to the IB or from IB to CB), the excess 
charge ( Aq ) is redistributed through combination of the 
Cr-d states with the pA states of the nearest neighbors, 
i.e. through the redistribution between the VB (AqrB ) 
and IB (AqIB ) in such a way that Aq = Aqm + AqIB « 0 . 
This behavior can be seen in Figure 2. In this figure, 
the modifications of the contribution of the d-Cx orbitals 
to the IB and to the VB as function of the configuration 
coordínate Q and of the IB charge qIB are shown 
schematically. Because of this change, when the 
contribution of Cr to the IB increases, AqIB increases 
but Aqm decreases. Therefore, the charge density around 
of the impurity is almost constant (Aq « 0 ). 
Figure 2: Schematic representation of the modification 
of the contributions of the impurity (red) and host (blue) 
to the antibonding t'+IB> into the gap and to the bonding 
t;' into the VB as functions of the configuration 
coordínate Q and of the IB charge qIB . 
The electronic dynamics as a ñmction of the atomic 
positions has been analyzed as well. We have considered 
the inward and outward displacement of the nearest 
neighbors of the Cr atom, i.e. breathing-modes, and the 
longitudinal modes, where the S atom in the (111) 
direction is displaced. The change in the contribution of 
the impurity atom to the IB and VB with the 
configuration coordinates of the breathing- and 
longitudinal-modes is shown schematically in Fig. 2. For 
the two modes, an inward relaxation increases the energy 
of the IB, and an outward relaxation diminishes it. An 
inward relaxation (reduction of Q) increases the overlap 
between the Cr-S orbitals, increasing the energy of the 
IB. Therefore, the IB has an antibonding character. 
Consequently, the outward movement (increase of Q) 
decreases the IB energy. Moreover, an inward (outward) 
movement decreases (increases) the Cr contribution to 
the IB. 
Therefore, there is a self-regulation or Le Chatelier 
mechanism in response to adding charge to the IB and to 
the modifications of the equilibrium configuration 
through inward and outward movements of the breathing 
and longitudinal modes. The charge density around the 
impurity is equilibrated in response to these changes in 
charge and equilibrium configuration. This behavior is 
driven by the combination of two mechanisms: the 
interelectronic Coulomb repulsión and the modification 
of the bonding impurity-host. 
According to the model previously described, 
AG « tsQ « 0 . Then, the minima of the energy curves 
will be at a similar Q, and the energy curves would not 
cross, except at very high energies. This can be seen in 
Fig. 3 where the energy curves obtained using first 
principies calculations corresponding to the steps 
Cr+2(d4)+eVB->Cr+1(d5) and Cr+1(d5)-> Cr+2(d4)+ecB 
are shown for Cr-doped ZnS. 
Figure 3: Configuration coordínate diagram in upward 
order of energy for Cr+2(d4)+eVB, Cr+1(d5) and 
Cr+2(d4)+eCB obtained from first-principles calculations. 
Comparing the Figure 3 for Cr-doped ZnS, a material 
with an IB, with the Figure 1, typical of a deep impurity, 
it can be observed that in the former case there are no 
crossing points, except for high energies. This behavior 
has also been observed in Cr-doped ZnSe [12]. Our 
results show a lower relaxation energy: the difference 
between the equilibrium positions when the IB is 
modified varíes by ±0.04 A. The position of the minima 
of the energy curves is almost equal. 
4 CONCLUSIONS 
The behavior of a material with a partially filled 
intermedíate band is very different from deep gap energy 
levéis with respect to the NRR via MPE. The key 
difference arises from the variation of the electronic 
density around the impurities. While for deep gap levéis 
these variations are larger, in the materials analyzed with 
an intermedíate band, these variations are smaller and 
hinder NRR via MPE. When located within a proper host 
semiconductor, the IB favors the radiative transition rate 
over the non-radiative decay rate, an essential feature to 
approach the limiting efficiency predicted for these cells. 
Among the materials analyzed, Cr-doped zinc 
chalcogenides, have shown promising properties. The 
results show that an increase in the impurity-host 
interactions leads to a decrease in both the difference 
between the equilibrium positions and the charge 
densities for different states. The delocalization of the 
electronic charge between the impurity and host is the 
fundamental mechanism to inhibit non-radiative 
recombination via MPE in these materials. It leads to 
small changes in the forcé constants between different 
states. This mechanism is additional to the one due to the 
increase of impurity concentration. In anycase a 
redistribution of the charge around of the impurities takes 
place. 
This work represents one step forward in our 
understanding of the fundamentáis that lead to the 
formation of a beneficial intermedíate band with the 
desired recombination properties (inhibition of NRR) in 
contrast to conventional deep energy levéis in 
semiconductors. This understanding allows to select, 
from ab-initio calculations, intermedíate band material 
candidates that, not only show the required position of 
the intermedíate band, but also the required 
recombination properties. 
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